Abstract-A cold bias of ∼ −2 K was found for Channel 6 (13.3 μm) of the Imager instrument on the 13th of Geostationary Operational Environmental Satellite (GOES-13) during its postlaunch tests. Similar bias was found previously for GOES-12 and for other instruments (the High Resolution Infrared Radiation Sounder, the Moderate Resolution Imaging Spectroradiometer, and the Spinning Enhanced Visible and Infrared Imager) in the similar spectral region. It was often suspected that the spectral response function (SRF) of these instruments may be in error; in some cases, it had been demonstrated that an altered SRF can eliminate most of the differences between the measured and the expected values. Using products recently developed for the Global Space-based Inter-Calibration System, this paper concluded that an SRF error is the root cause for the GOES Imager Channel 6 bias. Based on this theory, an algorithm was developed to correct for the bias. Application of this correction to GOES-13 Imager Channel 6 resulted in an SRF shift of −2.1 cm −1 . The remaining biases have mean of nearly zero and much reduced standard deviation and are independent of the thermal structure of the interlaying atmosphere. This correction has also been successfully applied of other channels and of other GOES, which was described in a companion paper.
I. INTRODUCTION

D
URING the postlaunch science test of the N'th Geostationary Operational Environmental Satellite (GOES-N, renamed as GOES-13 once in orbit) in December 2006, a cold bias was found for Imager Channel 6 when compared to the Atmospheric Infrared Sounder (AIRS) [1] , using an existing intercalibration method [2] . As summarized in Table I (compiled from [1] ), except for Channel 6, biases for the other three infrared (IR) channels are comparable. Also, standard deviations for all the IR channels (including Channel 6) are small and comparable. These characteristics were further con- 19 SAMPLES firmed with evaluations using selected products including the sea surface temperature, wind speed, and numerical weather prediction models. Based on these analyses, it was recommended to shift the spectral response function (SRF) for this channel by −4.7 cm −1 [3] ; however, discussions continued on whether the SRF should be altered and by how much.
In response to this recommendation, the instrument vendor reviewed the preflight instrument characterization and corrected for an error in the detector spectral response [4] . The revised SRF, released in October 2007 and implemented in July 2008, effectively shifted the original SRF by −1.2 cm −1 (Fig. 1) . Evaluation of the revised SRF, using the intercalibration algorithm [5] , [6] developed for the Global Space-based InterCalibration System (GSICS, [7] ), indicated that the bias was reduced by about a third to ∼ −1.2 K (Fig. 2) . 1 As part of the review, the instrument vendor also concluded that the uncertainty of the preflight SRF characterization could be as large as 4-5 cm −1 . The SRF accuracy has been suspected for similar channels on several instruments, including an earlier GOES (GOES-12, [3] ), the High-Resolution Infrared Radiation Sounder [8] - [12] on National Oceanic and Atmospheric Administration (NOAA) Polar-orbiting Operational Environmental Satellites, the Moderate Resolution Imaging Spectroradiometer [13] on National Aeronautics and Space Administration Earth Observing System satellite, and the Spinning Enhanced Visible and Infrared Imager (SEVIRI, [14] ) on European Organisation for the Exploitation of Meteorological Satellites Meteosat Second Generation satellites. For GOES, it affects all Imagers with Channel 6 (since GOES-12), some for Channel 3 in water vapor absorption band, and some Sounder channels as well [15] . In several cases, for example [3] , [12] , [13] , it was demonstrated that a properly shifted SRF can eliminate most of the differences between the measured and the expected values. 2 . GOES-13 Imager Channel 6 biases plotted as a function of the brightness temperature difference between AIRS 765.6-cm −1 channel and GOES-13 13.3-μm channel. The bias is evaluated with 2198 colocated AIRS measurements of uniform oceanic scenes during August 19-24, 2008 , using (blue +) the original and (red * ) the revised SRFs by vendor, and (green X) the NOAA-recommended SRF.
Evidence available to this study provided a unique opportunity to conclude that an SRF error is the root cause of the observed cold bias for GOES-13 Imager Channel 6, which provided a theoretical basis for an algorithm to correct for the SRF error. After a brief review of the intercalibration algorithms in Section II, it was shown in Section III that none of the plausible causes is capable of explaining all the observations consistently. This was followed by key evidences in Section IV that all observations are consistent with the hypothesis of incorrect SRF. Based on these analyses, a procedure is recommended in Section V to modify the SRF to correct for the cold bias. A companion paper [15] further improved the methodology developed in this paper and expanded the application to all relevant channels on all GOES Imagers. These procedures have been implemented at NOAA's National Environmental Satellite, Data, and Information Service to revise the vendor-delivered SRF that led to significantly improved instrument calibration.
II. REVIEW OF INTERCALIBRATION
The bias discussed in this paper is determined with comparison of the measurements by GOES Imager and AIRS that are approximately collocated in space and concurrent in time. As shown in Fig. 1 , GOES Channel 6 has relatively broad spectral response, whereas AIRS is a hyperspectral instrument, so one has to properly integrate the AIRS measurements spectrally for comparison with GOES. Omitting fine structures of AIRS spectral response, the GOES radiance R
GOES sim
(where the subscript "sim" denotes simulation) can be simulated from R AIRS ν , the AIRS spectral radiance at wavenumber ν, and Φ GOES ν , the GOES spectral response at wavenumber ν
On the other hand, GOES is an imaging instrument with higher spatial resolution (4 km) than AIRS (13.5 km), so one has to properly integrate the GOES measurements spatially for comparison with AIRS. This can be accomplished in different ways. One approach [2] is to separately average the GOES measurements and the spectrally convolved AIRS measurements over an area of collocation, which is typically on the order of hundreds of thousands of square kilometers. Another approach is to average the observed GOES radiances within an AIRS field of view and compare that with the simulated GOES radiance from (1) . Except for the initial results reported in Table I , the "pixel-to-pixel" comparison was used in this paper, which was developed for GSICS and described in more detail in [5] and [6] .
III. EXCLUSION OF PLAUSIBLE CAUSES
This section presents evidence that the reported bias cannot be explained by known or potential issues with GOES calibration [16] , AIRS calibration [17] , and intercalibration [5] , [6] . The following factors have been considered.
A. Blackbody Temperature
The GOES Imager IR channels are calibrated as [16] 
where R is the calibrated radiance, C is the instrument measurements in counts, and b, m, and q are calibration coefficients. Of the three calibration coefficients, q is determined prelaunch and remains unchanged throughout the mission life, and m is computed from where subscripts bb indicates the internal calibration target or blackbody and sp indicates the space views. In (3), the blackbody radiance R bb is computed from Planck's function
where ε is the effective emissivity, subscript ν denotes wavenumber (which has been omitted from (2) and (3) for brevity), and T is the blackbody temperature derived from the embedded platinum resistance thermometer (PRT). It is thus plausible that erroneous blackbody temperature measurements by the PRT could corrupt the IR calibration. However, this is unlikely for two reasons. First, PRTs are highly accurate and stable; error on the order of 1 K has never been reported. Second, (4) is used for all channels. With the exception of emissivity effect, which will be discussed separately, it is inconceivable that a PRT error would cause a calibration anomaly for just one channel.
B. Blackbody Emissivity
It is possible, however, to miscalculate the blackbody radiance for only one channel because of emissivity, as indicated by (4) . To address this concern, the spectral reflectance of a Z306 coupon (Fig. 3 , from [18] ) that was painted to the inside of GOES Imager blackbody was examined. No features were found in the 13.3-μm spectral region that can explain why the Channel 6 bias is so different from the other channels.
The effective emissivity ε ν in (4) is actually assumed to be unity for all wavelengths, i.e., ε ν ≡ 1. This is not as unreasonable as it first appears. If the nonunity of the internal calibration target is explicitly accounted for, (4) can be expanded as
where R env,ν is the radiance from blackbody's surrounding environment. The GOES Imager blackbody is at ambient temperature during operation, which means that, for most of the time, it maintains quasi-radiative equilibrium with its environment, or B ν (T bb ) ∼ = R env,ν and (5) reduces to (4) . The radiance that is not emitted because of nonunity emissivity is largely compensated for by the reflection from the blackbody. This is another reason why the blackbody radiance is not expected to have steady and significant spectral variation from that determined by the Planck's function. Note that radiative equilibrium may not imply thermal equilibrium if the emissivity of the blackbody and that of its surrounding objects are not identical. Finally, if a −1 K bias of Channel 6 is attributed to blackbody emissivity, it would imply that the ε ν has been underestimated. Since ε ν has been assumed to be one, it is unphysical to suggest that observation evidence demands ε ν to be larger than unity.
C. Nonlinearity
The mercury-cadmium-telluride (HgCdTe) detectors used for GOES Imager Channel 6 are known to have a nonlinear response to radiance. This effect has been accounted for in (2) in the form of the quadratic parameter q. However, the sensor nonlinearity may have been under-or overcorrected by q, or changed after launch, or vary with the operating environment. To address these concerns, the GOES Imager Channel 6 is calibrated linearly in a simulation, and the results are compared with those from the operational nonlinear calibration. Although the nonlinear calibration may not be absolutely accurate, it nevertheless serves as a reasonable reference for the magnitude and general characteristics of the nonlinear effects.
The difference between the T b obtained with a linear calibration [q = 0 in (2)] minus the T b obtained from the operational (nonlinear) calibration is plotted in Fig. 4 as a function of scene brightness temperature (the solid curve). The difference is always zero at the blackbody temperature, which, for the solid curve in Fig. 4 , is ∼287 K. The blackbody in GOES Imager is at ambient temperature that varies diurnally, mostly between 285 K and 290 K but can be as high as 305 K (the range varies annually as well). If the nonlinearity is undercorrected, or uncorrected as the solid curve in Fig. 4 , there would be warm bias for cold scenes and cold bias for warm scenes, all relative to the blackbody temperature at the time of calibration. The observed error, plotted in Fig. 5 , indeed shows cold bias for warm scenes and warm bias for cold scenes. However, not only the magnitude is larger than expected, all scenes are cooler than blackbody temperature at all times, for which undercorrected nonlinearity should result in a nearly uniform warm bias. The dashed curve in Fig. 4 is the error if the operational calibration has vastly overcorrected for nonlinearity (q is three times of the value determined prelaunch in laboratory) and when the blackbody is very hot (∼305 K). Regardless of how realistic is the scenario, it may only explain the cold bias for warm scenes in Fig. 5 (T b > 250 K) but not the warm bias for the very cold scenes (T b < 230 K). Thus, we conclude that the observed bias cannot be explained by an incorrect nonlinearity.
D. Other GOES Calibration Issues
In addition to general issues pertaining to the two-point calibration of a nonlinear instrument, there are also issues unique to GOES Imager IR channel calibration. This section examines whether an under-or overcorrection of these issues may lead to the observed bias.
Scan Mirror Emissivity: It was found [16] that the scan mirror emissivity depends on the angle of incidence, which, if uncorrected, would lead to a difference of up to 0.3 K for Channel 6 between the east and west sides of a scan, for scene temperature of 300 K (more or less for cooler or warmer scenes, respectively). However, the scan mirror emissivity correction has reduced this error by at least an order of magnitude. Moreover, even if totally uncorrected, this error would increase the noise but would not affect the bias of comparison, because the colocations are randomly distributed for all angles of incidence. There is no evidence that the bias depends on scan angle.
Midnight Effect: GOES is subject to a unique midnight calibration anomaly [19] . On a three-axis stabilized platform, GOES instruments experience intense thermal variation around satellite midnight, when the Sun shines nearly directly into the instruments' Earth viewing ports. This may perturb the operating environment of the instrument and increase the calibration uncertainty.
Bias due to the midnight thermal variation, if uncorrected, is larger for Channel 2 than for Channel 6. Although it is possible that, after correction, the residual error is no longer the largest for Channel 2, this hypothesis still cannot explain the presence of the cold bias during the daytime.
Water Ice Contamination: Water molecules sublimated on the unprotected cooler window of GOES Imager may form a thin layer of ice that effectively alters the system SRF [14] , [20] . Similar contamination has also been reported for SEVIRI [14] . Bias due to this contamination is in many ways similar to that caused by intrinsic SRF errors during preflight tests and, therefore, may be difficult to distinguish.
Water ice contamination is a unique issue for GOES-12 that suffered a dysfunctional anticontamination heater shortly after launch. As a result, the heater was turned off, leaving the cooler window at a lower temperature than designed and vulnerable to accumulation of contaminants such as water molecules. In comparison, the anticontamination heater on GOES-13 (and other GOES) Imager has been functioning nominally. Also, if the water ice contamination did occur, it should cause not only a cold bias to Channel 6 but also a warm (although smaller) bias to Channel 3 at 6.5 μm. This was the case for GOES-12 but not for GOES-13, which further confirms that the bias is not caused by water ice contamination. For GOES-12, it has been noted that decontamination reduced but not nearly eliminated the bias, suggesting that the SRF is in error, in addition to the water ice contamination.
E. AIRS Calibration
The accuracy of AIRS measurements in this part of the spectrum is estimated to be well within 0.2 K and stable [21] ; therefore, it cannot cause the observed +1 K bias. In fact, the accuracy and stability of AIRS calibration have been well established before it was chosen as a reference instrument for GSICS [7] .
F. Intercalibration
The observed bias was derived from colocated GOES and AIRS measurements. It is possible and, in fact, almost always true that the two satellite instruments do not observe exactly the same area, with exactly the same spatial response and viewing geometry, and at exactly the same time. All these compromise the assumption that the two satellite instruments should obtain exactly the same measurements. While the algorithm used in this study [5] , [6] may be more vulnerable to colocation errors than some other algorithm (e.g., [2] ), none is totally immune to such errors.
However, regardless of the sensitivity of various comparison methods to colocation errors, a mismatch in time, space, or viewing geometry tends to increase the noise in the comparison, which is random in nature, instead of introducing a systematic bias. The mismatch itself should be random, e.g., one instrument does not necessarily view targets consistently before or after the other. Even if it does, it is not necessarily true that its measurements will be consistently higher or lower than the other. Also, a mismatch should affect all channels. In fact, Table I shows that the standard deviations of Channel 6 are indeed comparable to those of other channels. Therefore, it is unlikely that colocation error is the main cause of the observed bias.
IV. CONFIRMATION OF SRF ERROR AS THE ROOT CAUSE
This section presents evidence that the bias characteristics are consistent with the hypothesis that an SRF error caused the observed bias. To understand the impact of the instrument SRF on the radiance at the top of the atmosphere (TOA) it measures, recall that the radiative transfer in nonscattering media over nonreflective surface, which are acceptable assumptions for the following discussions, can be described as
where R is the TOA radiance that the instrument measures; τ is the atmospheric transmittance; p is a variable representing the vertical coordinate, such as the atmospheric pressure; SFC denotes the opaque underlying surface beneath the atmosphere, such as land, ocean, or cloud top; and other symbols are as previously defined. The spectral dependence of variables in (6) is implied but not specified for brevity. Often, the first term in (6) is called the surface contribution, and the second term is called the atmospheric contribution, to the TOA radiance R. The vertical derivative of transmittance profile [∂τ /∂ln(p)] is often referred to as weighting function because it effectively determines how much of radiation from which part of the atmosphere contributes to the measured TOA radiance R. The normalized weighting functions of AIRS Channel 393 (at 765.5 cm −1 ) and GOES-13 Imager Channel 6 (at 13.3 μm) are plotted in Fig. 6 , for clear sky and with opaque clouds at various heights, together with a typical atmospheric temperature profile in the tropics. The 765.5-cm −1 channel is selected because it is close to the spectral region in question, and the atmosphere is quite transparent to this channel (Fig. 1) . More transparent channels in shortwave (e.g., 2616.4 cm −1 , [17] ) or longwave (e.g., 962.6 cm −1 ) regions were not selected to minimize possible complications due to cloud emissivity and water vapor continuum absorption by the atmosphere, respectively. While the solid curves in Fig. 6 are weighting functions of GOES-13 Imager Channel 6, the dashed curves are exaggerated representations of the weighting functions with the SRF biased toward the shorter wavelength or larger wavenumber, where the atmosphere is more transparent. Fig. 6 shows that, under clear sky condition (upper left panel), channel with an SRF in a part of the spectrum where the atmosphere is more transparent (dashed curve) tends to sense more radiance from the surface and the atmosphere close to it, where the temperature is higher. This explains why measurements from a more transparent channel should, in general, appear warmer than those from a less transparent channel. With clouds at increasingly higher altitude (the other three panels), this difference in weighting functions remains true but diminishes progressively, as the surface 2 contribution becomes progressively more dominant to the TOA radiance. For deep convective clouds overshooting into or above the tropopause (panels in the lower row), where the lapse rate (decrease of atmospheric temperature with height) becomes neutral or negative, the difference in weighting function implies that measurements from a more transparent channel may appear the same as or cooler than those from a less transparent channel.
The observed bias is derived from comparisons of spatially averaged GOES measurements with spectrally convolved AIRS measurements; the latter depends on knowledge of GOES SRF [the Φ GOES ν term in (1)]. Fig. 1 shows that, relative to the NOAA-corrected SRF (the green curve), the initially delivered SRF (blue curve) is in a more transparent part of the spectrum; therefore, convolution of AIRS spectral radiances based on that incorrect SRF will lead to higher radiance than what GOES measures, hence the apparent cold bias for GOES. It also follows that if the difference between the weighting functions becomes smaller, or the lapse rate is reduced or reversed, the apparent cold bias should also be reduced or reversed.
The GOES-AIRS bias is plotted in Fig. 2 as a function of ΔT b = T b (765.5 cm −1 ) − T b (13.3 μm), which varies with both the weighting function difference and the in situ lapse rate. Visual inspection confirms that the bias depends on the ΔT b . Statistical test also rejects the hypothesis, with high confidence, that the bias and ΔT b are not correlated. Since the observed bias supports the hypothesis that the bias is related to an SRF error and since all other hypotheses contradict with some aspects of the observed bias or existing knowledge, it is concluded that SRF error is the root cause of the observed bias.
V. CORRECTION OF THE COLD BIAS
The theory that an SRF error causes the cold bias provides a basis for correcting the SRF error. The theory predicts that, relative to the correct SRF, an incorrect SRF located at the more transparent side of the spectrum will result in cold (or neutral/warm) bias for positive (or zero/negative) 3 μm) . An incorrect SRF located at the more opaque side of the spectrum will have the opposite effects. Furthermore, a correct SRF should reduce the overall bias and eliminate the bias dependence on ΔT b .
There are infinitely many ways to effectively change the central wavenumber of an instrument SRF. In the case of the TABLE II  MEAN AND STANDARD DEVIATION OF THE BIAS AND THE BIAS  DEPENDENCE ON THE BRIGHTNESS TEMPERATURE DIFFERENCE,  FOR SELECTED SHIFTS OF GOES-13 IMAGER CHANNEL 6 SRF,  USING THE revised SRF for GOES-13 Imager Channel 6 (the red curve in Fig. 1 ), the vendor changed the shape of the SRF based on prelaunch measurements, which effectively move the SRF toward a lower wavenumber. To modify the SRF further, with only an empirically based requirement and without laboratory data to direct how to change, a sensible adjustment is to uniformly shift the SRF, such as the green curve relative to the red curve in Fig. 1 , until the desired effect is obtained. When the SRF is shifted, the corresponding central wavenumber should be used in the computation of blackbody radiance, and for that, one also needs to derive the corresponding band correction [16] . This will subsequently affect the radiance calibration and bias evaluation. Due to the time constraint, this was not performed in each and every incremental step during the SRF optimization for the GOES-13 Imager Channel 6. The impact of this caveat is less than 0.2 K. Correction to this caveat, along with analysis of uncertainty and applications to other satellites and channels, is discussed in a companion paper [15] .
The mean and standard deviation of bias, as well as the bias dependence on the ΔT b (evaluated as the slope of regression of bias on ΔT b ), are reported in Table II for each increment of SRF shift. They all approach to their respective minima gradually when the SRF is shifted by −1.97 cm −1 . The fact that the minimization is a steady process indicates the absence of additional optimal values in the spectral region under consideration. They also approach to their respective minima simultaneously, suggesting the absence of factors other than the SRF error that may cause additional bias. The latter is not always true, in which cases the initial selection of the optimal SRF shift should be the one that minimizes the dependence of bias on ΔT b , because this process is to remove the SRF error that may or may not be responsible for all of the bias. Fig. 7 shows the histograms of the residual biases using the original and revised SRFs by vendor and the NOAArecommended SRF. Visual inspection confirms that not only the center of the residual bias distribution migrates toward zero with the improved SRFs but also the distribution becomes more Gaussian. This implies that the improved SRF has removed certain systematic differences such that the remaining differences become more dominated by random factors.
The initial selection is subject to further review. In the case of GOES-13 Imager Channel 6, it was recognized that the spectral variation of the Planck's function tends to increase the negative slope slightly; therefore, some overcorrection in terms of the slope is warranted. Also, this channel is mostly used for scenes warmer than 230 K, so better performance for warm scenes, even potentially at the expense of slightly worse performance for cold scenes, seems an acceptable risk. The final shift of GOES-13 Imager Channel 6 is −2.1 cm −1 . More details were discussed in [22] and [15] .
The recommended SRF shift was implemented into the NOAA satellite operation in March 2009. As shown in Fig. 8 , it reduces the bias to nearly zero. This, in turn, improves the accuracy of products derived from this channel, such as cloud top heights and the height assignment of atmospheric motion vectors. Partly motivated by the success of this anomaly investigation, instrument vendor conducted a comprehensive audit for all channels for GOES-13/GOES-14/GOES-15, which NOAA further optimized using GSICS [15] .
VI. SUMMARY AND DISCUSSIONS
A cold bias has been found for GOES-13 Imager Channel 6 (13.3 μm) when compared to AIRS. It was suspected that the SRF may be in error. After reviewing the prelaunch test data, the instrument vendor revised the SRF that reduced the bias by about a third and also concluded that the required SRF change to correct for the remaining bias is within the SRF uncertainty. This study established that an incorrect SRF is the root cause of the observed bias, which justified a procedure to empirically determine an improved SRF. The algorithm and its theoretical basis described in this paper have been successfully applied to correct for the GOES-13 Imager Channel 6 cold bias.
Despite the seemingly large SRF uncertainty, the vendor maintains that the instrument met the requirement specifications. Channel 6 is a relatively new channel for GOES Imager that was first used in GOES-12. Unlike the other five channels that have long been used for GOES Imager, Channel 6 is a spectrally narrow channel located in an absorptive region of the spectrum, which makes the interpretation of its measurements much more sensitive to its SRF. However, the required radiometric calibration accuracy was still evaluated using blackbody radiance, which lacks the spectral features that the actual atmosphere will present to the channel. Partly because of this disconnect, an effort is being made [23] to produce spectrally tunable radiance sources for the calibration of future satellite instruments.
An integral part of this study is to prove that, other than the SRF error, other plausible errors are incapable of explaining the observed bias and other observations. The exhaustive nature of this proposition dictates that the word "plausible" must be defined somehow subjectively, i.e., beyond reasonable doubt. Various versions of this work have been presented in the past [24] - [26] at several national and international conferences to solicit plausible errors that may have escaped the authors' attention. Instead of signaling an end, it is hoped that the publication of this paper will further facilitate that effort.
This study benefited greatly from the recently developed GSICS [7] . Although the intercalibration of satellite sensors has a long history and has employed various methods [26] - [30] , two advantages offered by the GSICS approach are vital for this study. First, the comparison is based on the hyperspectral measurements from AIRS and the Infrared Atmospheric Sounding Interferometer (IASI) convolved with the SRF of the filter instruments. This technological advancement substantially reduced the uncertainty due to mismatches in instrument SRFs, which has often been an obstacle that is the most difficult to overcome in previous intercalibration studies. Second, the comparison is based on the colocated measurements at the smallest spatial scale, a single pixel of AIRS or IASI. This vision in algorithm design [5] provided unprecedented details of the bias characteristics that, together with radiative transfer theory and the basic meteorology, enabled the root cause analysis. Without either of these advantages, this anomaly investigation could not build on the theoretical basis and achieve the level of accuracy as it has. It is expected that the GSICS will continue to make positive impacts in instrument calibration and intercalibration. 
